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Abstract: This review demonstrates the multiple roles of surfactants in aqueous micellar catalysis. It covers the design and recent 
applications of proline-based amphiphile PS-750-M, including completely organic solvent-free amide couplings, C–H fluorination 
of arenes and heteroarenes achieved via radical pathway facilitated by the shieling effect of micelles. In addition, it critically sheds 
light on selective hydrogenolysis and cross-couplings of water-sensitive acid chlorides in water catalyzed by phosphine ligand-
free Pd(0) nanoparticles. The metal-micelle interaction responsible for catalytic activities probed by various spectroscopic 
techniques is also discussed.  
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Introduction. Water is the most abundant solvent in Nature 
[1,2]. However, its usage as a solvent is limited due to the 
insolubility of catalyst, reactants, and the product [3]. Besides, 
the sensitivity of reaction intermediates in water further limits 
its use, despite its greenness and benign nature. It has 
potential to offer better chemistry if used in ways that are 
closely aligned with the natural phenomena [4-6]. For example, 
in natural biocatalysis, the substrate binds with the 
hydrophobic catalytic pockets of enzyme molecules for bond 
breaking and bond-making events to release the final product 
to the medium, i.e., water [7]. In this process, enzymes are 
water-soluble, and it does not matter whether the reactants are 
highly soluble in water or not—the catalytic events happen 
within the enzymatic pockets; water is only a medium. 
Likewise, such hydrophobic pockets can be attained by 
dissolving amphiphile molecules in water. Amphiphile 
molecule generally contains hydrophilic (water-soluble) and 
hydrophobic (water-insoluble) parts. Due to the optimal 
balance between hydrophilicity and hydrophobicity, amphiphile 
molecules self-aggregate when dissolved in water at above 
critical micelle concentration. The thermodynamically driven 
self-aggregation or micelle-forming process is dynamic, 
allowing the exchange of the catalyst, reactant, and product 
between micelles and micelle and water. The extent of 
hydrophobicity and chemical functionality of amphiphiles in 
micellar interior assist in determining the reaction rate, 
selectivity, and broader activity. Therefore, the nature of 
micelles interior plays a crucial role in micellar catalysis [8]. 

The micellar catalysis originated in the early 20th century with 
the Twitchell process [9]. This area of research gained 
attention from organic chemists with the report on dehydration 
reactions in aqueous micelles achieved by Kobayashi and 
coworkers [10]. In 2009, Lipshutz and coworkers' report on 
Negishi couplings in aqueous surfactant without preformation 
of the organozinc reagents showcased the power of micellar 
catalysis [11]. Reports from Lipshutz [12-14], Kobayashi [15], 
and Uozumi [16] on robust, general, and industrially viable 
protocols in micellar media further helped advance the field of 
sustainable chemistry. Instead of just micellar catalysis, our 
group has significantly advanced the micellar nanocatalysis by 
aiming to mimic toxic dipolar-aprotic solvents with a single 
amphiphile while offering robust water-compatible 
nanocatalysts. 

Our journey started with designing a proline-based amphiphile, 
PS-750-M (also called FI-750-M) [17]. We aimed to replace 
toxic dipolar-aprotic solvents (DMF, NMP, 1,4-dioxane), while 
simultaneously understanding how and why micellar catalysis 
works better than traditional chemistry [18,19]. We also 
covered applications of PS-750-M for new reactions while 
offering a solution to existing problems in known 
transformations. Reports on the replacements of dipolar-
aprotic solvents have also appeared in the literature. 
Switchable solvent piperylene sulfone had been successfully 
employed to replace DMSO for many-valued transformations 
[20]. The negative side of this approach includes the release of 
toxic SO2 at elevated temperatures. Cyrene is another recently 
popular replacement for NMP [21]. It has an active methylene 
group that could actively react with reactants. Replacing a toxic 
organic solvent with a green but self-reactive solvent may pose 
limitations. Therefore, the aqueous micellar catalysis approach 
may be better than replacing one organic solvent with another. 

Figure 1 

 

Designer surfactant PS-750-M. Amphiphile structurally mimics dipolar-
aprotic solvents. 

A micelle’s broad size distribution, dynamic nature, and 
exchange process help to mimic various dipolar aprotic 
solvents with aqueous micelles of a single amphiphile. In 
matching the solvent polarity of extremely useful but toxic 
dipolar-aprotic solvents, we devised the amphiphile PS-750-M 
(Figure 1). We designed amphiphile PS-750-M based on these 
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guiding principles: (i) resulting micelles should be self-non-
reactive; (ii) the optimal polarity of micellar core achieved by an 
introduction of tertiary amide groups should enhance the 
solubility of polar reactants and stability of NP catalyst. PS-
750-M has a tertiary amide functional group connecting a polar 
mPEG chain with the non-polar hydrocarbon chain via a proline 
linker. With an optimal balance between hydrophilic and 
lipophilic chains, the PS-750-M, upon dissolution in water 
(CMC ca. 10-6 M), instantly forms micelles containing the 
tertiary amide group in the micellar core or interface, which 
assists in matching its activity with dipolar-aprotic solvents. 
Under mild conditions, the micelles of PS-750-M were proven 
effective for selective sulfonylation of perfluoroarenes [18], 
highly selective monofluorination of indoles and arenes [22], 
selective Cbz cleavage [23], amide couplings [24,25], and a 
variety of metal nanoparticle-catalyzed cross-coupling 
reactions. Besides, we have investigated the reactivity of 
carbene [24], carbanion, and keteniminate intermediates [27] 
under the shielding effect of micelles. Moving forward, we have 
also achieved selective carboxylation of aryl halides via the 
possible involvement of trichlorocarbanion species 
(unpublished). In this article, we only discuss some of key 
metal-free transformations and cross-couplings enabled by 
phosphine ligand-free nanoparticle catalyst in aqueous PS-
750-M 

Metal-Free Chemistry Mediated by Nanomcielles of PS-
750-M. The advent of chemistry in water using benign 
surfactants has tremendously gained visibility, triggering 
applications to reactions that are otherwise not cleanly possible 
in any organic solvents [28]. The reaction profile in the micellar 
medium is generally better than the organic solvents. This is 
due to the underlying hydrophobic effect responsible for the 
higher concentration of reactants and the catalyst in the 
micellar interior, resulting in fast reaction rates and higher 
yields with improved selectivities [8]. The high selectivities are 
reported for monofluorination reactions of indoles and arenes, 
where the shielding effect of micelles facilitates the radical 
pathway, enabling site-selective electrophilic fluorination [22]. 
Likewise, better selectivity and fast reaction rates are reported 
for epimerization- and organic solvent-free amide couplings 
[24,25]. These projects were completed in collaboration with 
Novartis and AbbVie, respectively. These transformations are 
facile and scalable. 

(a) Monofluorination of indoles and arenes. Methods for 
introducing the fluorine group at the C-3 position of indole were 
not known before our report. It may be due to the spontaneous 
and simultaneous oxidation process, leading to fluorinated 
oxindole formation [29]. Previous methodologies to prevent 
further oxidation have been developed, such as protecting the 
C-2 position of indole [30] or fluorination of the C-3 position of 
indole precursors before indolization [31,32]. However, such 
methodologies involve non-sustainable protection-
deprotection steps, decreasing the step economy while not 
eliminating the side products. In 2019, our group reported one-
step oxidation-free fluorination of indoles and arenes [22]. In 
this report, we harnessed the shielding effect of micelles of PS-
750-M to facilitate the radical pathway that is more selective. 
Readily available fluorine source N-
fluorodi(benzenesulfonyl)amine (NFSI) worked well for this 
selective transformation. A low concentration of oxygen inside 
the core of the micelle prevents further oxidation of the 
fluorinated product, yielding oxindole-free fluorinated products. 
Remarkably, base and an excess fluorinating agent were not 
required. In this system, PS-750-M mimics dipolar aprotic sol 

Figure 2 

 
Applications of PS-750-M in metal-free transformations and selective 
hydrogenolysis. (A) C–H fluorination of arenes and heteroarenes. (B) 
Epimerization- and completely organic solvent-free fast amide couplings. 
(C) Highly selective hydrogenolysis for Cbz cleavage in the presence of 
other sensitive groups (Adapted with permission from ACS Catal. 9 (2019) 
7520; Org. Lett. 22 (2020) 5737; ChemSusChem 12 (2019) 3037. Copyright 
{2022} American Chemical Society and Wiley-VCH). 
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-vent. Most likely fluorination agent remains at the interface. 
During the exchange of amphiphiles between the micelles, the 
radicophile traps the fluorine radical to generate desired 
product. 

Notably, the desired transformation was impossible in neat 
water or organic solvents. When attempted, only the formation 
of N-benzylisatin and other oxidized products were formed. 
The order of addition was crucial for the reaction’s success. 
The sequential addition of indole in 3 wt % aqueous PS-750-M 
and NFSI affords better yields. The slower addition of NFSI and 
THF co-solvent significantly improved the reaction yields. After 
reaction completion, a minimal amount of EtOAc (generally 
50% volume of the aqueous layer) was added to the reaction 
mixture while stirring at rt for a minute. This pulls the product 
into the organic layer from the aqueous microemulsion. Only 
organic product or byproduct goes into the EtOAc layer, while 
PS-750-M remains in the aqueous layer to be re-used. The 
representative examples are shown in Figure 2A, 
demonstrating the functional group tolerance and the 
generality of the protocol. Halogens, ester, nitro, ether, 
aldehyde, and ketone functionalities were well tolerated (1-12). 
No aldol-type reactions and aldehyde oxidation were observed 
in examples 2 and 5, respectively. The fluorination was 
primarily selective to indole’s 3-position—no fluorination 
happened at the pyrazole ring in the example of pyrazole-
containing indole 7. Likewise, furan (4) and sulfonyl indole (6) 
rings remained intact. The presence of electron-withdrawing 
groups, such as nitro leads to prolonged reaction times owing 
to the -I effect. This protocol was only applicable to N-protected 
indoles. The reaction did not work for the indoles containing 
free NH group.  

In the same report, the authors also explored the reaction 
mechanism. Control experiments using BHT and TEMPO in 
the reaction mixture and GC-MS analysis of the reaction 
mixture supported the radical pathway for fluorination. The 6.2 
E factor and recyclability of the reaction medium for up to four 
cycles further support the sustainability. Most notably, the 
same transformation in TPGS-750-M or Nok or Tween 20 was 
ineffective. Low desired product yield and significant amounts 
of undesired fluorinated-and non-fluorinated oxindole 
byproducts formation were observed. 

(b) Completely organic solvents-free fast amide couplings 
in water. The amide coupling reaction is one of the most 
valuable reactions for the pharmaceutical industry [33,34]. 
Before our group started investigating this reaction, there were 
not any known methods for the amide couplings that are 
epimerization- and organic solvents- free. The Lipshutz 
methodology involving COMU as the coupling agent and 
TPGS-750-M as amphiphile requires organic solvents for 
product extraction and purification [33]. However, the reported 
yields were quite impressive. In aiming for fast reaction rates 
to avoid epimerization of product, eliminating column 
chromatography, and product extraction with the organic 
solvent, we harnessed the structural feature of 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) [24,25]. It is 
commercially available in the EDC•HCl form. Its amphiphile-
like structure facilitates the formation of mixed micelles when 
dissolved in 3 wt % aqueous PS-750-M. The formation of 
mixed micelles ensures the presence of reactants and coupling 
agents within the micelle. Their higher concentration causes 
fast reaction rates without the product’s epimerization. The 
presence of new amide bond resulting in less solubility of the 
product in the micelle helps releasing the product into water. 

Upon simple filtration, we extracted desired product. Notably, 
the nature of the base was crucial for the success of this 
technology. The strong bases, such as Et3N and i-PrNEt2, did 
not serve the purpose. Based on NMR studies, these bases 
freed-up the HCl salt of EDC to lose its amphiphile-like 
structure. Therefore, EDC no longer participates in the 
formation of mixed micelles. This HOBt-free technology was 
proven safe, selective, scalable, and efficient. The only 
concerning point of this protocol was the use of pyridine. We 
are currently developing a new technology that will exclude a 
pyridine base and water-soluble urea-type waste. 

The detailed epimerization studies revealed that the protocol is 
epimerization-free. Besides, the selectivity was excellent. The 
representative examples 13-21 are shown in Figure 2B. Under 
aqueous basic conditions, the Fmoc protecting group and 
carbonate ester functionality remained intact (13, 16, 19). 
Surprisingly, the free-OH group remained intact and did not 
participate in byproduct-forming side reaction (14). No 
hydrolysis of the methyl ester functional group was observed 
(17, 19, 20). The methodology was also tested on multigram 
scale reactions where 14 and 15 were synthesized in excellent 
isolated yields. Calculated PMI (Process Mass Intensity) for 
their synthesis were 17.56 and 19.83, respectively, which 
further strengthened the greenness and sustainability of this 
approach [25]. 

Sustainable and Selective Organometallic Catalysis. 
Besides metal-free catalysis, we have vastly explored the 
aqueous micelles of PS-750-M in catalytic reactions involving 
organometallic nanoparticle catalysts. The remarkable 
selectivity in deprotection of the Cbz group in the presence of 
halogens, nitrile, and a variety of benzyl groups was reported 
by our group. Likewise, recently, we have reported the 
formation of Pd(II) and Pd(0) nanoparticles stabilized by 
carbonyls of PS-750-M to facilitate cross-coupling chemistry 
while eliminating the reliance on phosphine ligands. 

(a) Selective deprotection of Cbz group. The protection of 
amines with the Cbz group is one of the most critical reactions 
in multistep organic syntheses. Its deprotection in the presence 
of other protecting/functional groups, for instance, O-
benzyl, N- benzyl, aldehyde, ketone, and nitrile, is limited due 
to the sensitivity of these groups to hydrogenolysis. 

Recently, our group has addressed this issue using ligated 
Ni/Pd bimetallic nanoparticles. These nanoparticles contain 
both Ni and Pd in their zero oxidation states [23]. Notably, 
these oxidation states are crucial for the desired selectivity to 
cleave the Cbz group in the presence of other sensitive groups. 
Ni(OAc)2/Pd(OAc)2 (in 10:1 ratio) and 3,4,7,8-(Me)4-1,10-
phenanthroline, when dissolved in THF and subsequently 
treated with 2.0 equivalents MeMgBr followed by capping the 
resulting nanoparticles with aq. PS-750-M, forms bimetallic 
Ni(0)/Pd(0) nanoparticles. These nanoparticles are active for 
selective Cbz cleavage under ambient hydrogen gas 
atmosphere or in the presence of NaBH4 reductant. The 
micellar environment shields the catalyst from air and water, 
assist maintaining desired oxidation states of Pd and Ni. 

Besides, the catalyst efficiency can be attributed to a higher 
concentration of hydrogen inside the micelle. A broad substrate 
scope reveals that the protocol is general and can be applied 
to complex substrates. Good-to-excellent yields were 
documented with diverse scope (see representative 
examples 22-33, Figure 2C). Control experiments suggested 



that a 1-month aged catalyst worked as effectively as the fresh 
catalyst. The catalyst was also recyclable. 

Figure 3 

 
Palladium (II) nanoparticle catalysis. (A) Synthesis of nanoparticles 
in aqueous PS-750-M. (B) Control 19F NMR study probing the catalytic 
activity of nanoparticles. (C) Oxidative Mizoroki–Heck couplings. 
(Adapted with permission from JACS Au. 1 (2021) 308. Copyright {2022} 
American Chemical Society). 
 
b) Ligand-free oxidative Mizoroki-Heck-type couplings. 
We developed phosphine ligand-free ultrasmall Pd(II) 
nanoparticles for oxidative Mizoroki-Heck-type couplings 
under an aqueous micellar environment [36]. The synthesis of 
nanoparticles was facile, and did not require inert atmosphere 
and any organic solvents (Figure 3A). The amphiphile PS-750-
M played a vital role in these nanoparticles' stabilization and 
the catalytic activity. The hypothesis for the formation of 
nanoparticles in aqueous PS-750-M includes the binding of 
amphiphile with Pd through its carbonyl functional groups, 
enhancing its solubility and stability in the micelles. In other 
words, this metal-micelle binding prevents clumping of Pd 
nanoparticles and polymerization of nanoparticles precursor. 
The nanoparticles were characterized by various 
spectroscopic techniques, such as high-resolution 

transmission electron microscopy (HRTEM), energy dispersive 
X-ray analysis (EDAX), and X-ray photoelectron spectroscopy 
(XPS). The studies revealed that the particles remained in the 
form of 50-60 nm aggregates. Upon stirring, these large 
aggregates release ultrasmall nanoparticles in the form of an 
active catalyst. 

The metal-amphiphile interaction was thoroughly studied by IR 
and mass spectroscopy. A characteristic shift in the carbonyl 
signals of ester and amide functional groups of PS-750-M and 
Pd(II)-bound PS-750-M revealed the Pd-amphiphile binding. 
Likewise, HRMS analysis of nanoparticles containing an 
aqueous solution of PS-750-M supported the association of Pd 
with the amphiphile. 

The catalytic reactivity of nanoparticles was established by 
control NMR studies for the oxidative Mizoroki–Heck-type 
coupling of arylboronic acids and terminal olefins (Figure 2B). 
In control study, (2-fluorophenyl)boronic acid and 1-fluoro-4-
vinylbenzene were dissolved in aqueous PS-750-M and 
subsequently analyzed for 19F NMR. In the analysis, their 19F 
signals appeared at –106.4 and –114.1 ppm, respectively. In 
contrast, (2-fluorophenyl)boronic acid in nanoparticles in 
aqueous PS-750-M displayed a signal at 114.5 ppm, revealing 
the binding of nanoparticle and boronic acid. Likewise, 1-
fluoro-4-vinylbenzene mixed with nanoparticles showed a 
chemical shift at –105.2 ppm, confirming the interaction of 
olefins with the Pd. Combining arylboronic acid and -fluoro-4-
vinylbenzene with Pd nanoparticles forms a coupling product, 
supported by the appearance of two 19F signals at –113.9 and 
–118.2 ppm originated from the coupling product (E)-1-fluoro-
2-(4-fluorostyryl)benzene. The addition of oxidant and another 
equivalent of coupling partners to the mixture further supported 
that the nanoparticles are catalytically active. 

The stirring rate was critical for the reaction outcome. The 
stirring rate between 1,000-1,500 rpm was optimal. The 
catalytic activity was explored on 28 different substrates; the 
representative examples are shown in Figure 3C (34-39). The 
nitro functional group was well tolerated (35). Both electron-
deficient coupling partners reacted well and provided good-to-
excellent yields (35-37), featuring this transformation's 
difference from the classical Heck reaction. Notably, in 
traditional Heck couplings, reaction proceeds efficiently with 
electron-rich electrophile and electron-deficient styrene or 
vice-versa. The non-aromatic olefin coupling partner displayed 
an excellent desired reactivity (39). The scalability of this 
method was demonstrated on a 100-gram scale reaction. Only 
1 mol % catalyst was used that further supports the greenness 
and sustainability of this protocol. The catalyst was not fully 
recyclable.  

(c) Ligand-free cross-coupling of water-sensitive acid 
chlorides in water. We further explored the phenomena of the 
micellar shielding effect and metal-micelle binding on Pd(0) 
nanoparticles [37]. To obtain Pd(0) nanoparticles, we simply 
treated our Pd(II) nanoparticles with phenylboronic acid and 
base. The double transmetallation by phenyl groups of the 
boronic acid, followed by reductive elimination after gentle 
heating, generates Pd(0) nanoparticles. 

The resulting nanoparticles were thoroughly characterized by 
various spectroscopic techniques to study morphology, size, 
distribution, elemental analysis, and Pd oxidation state. The 
Pd(0)–amphiphile interaction was probed by 13C NMR 
spectroscopy (Figure 4A). The carbonyl signals of the ester 
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and amide groups of PS-750-M appeared at 173.4 and 173.1 
ppm, while Pd(OAc)2 appeared at 172.8 ppm. However, the 
Pd(0) nanoparticles in aqueous PS-750-M displayed multiple 
signals at 175.5–173.8 ppm revealed the formation of different 
sized micelles. The downfield signals at 183.4–180.3 ppm 
supports the metal–amphiphile interaction.  

Figure 4 

 
Phosphine ligand-free Pd(0) nanoparticles in aqueous PS-750-M. 
(A) Control NMR studies for probing metal-micelle binding. (B) Cross-
couplings of acid chlorides in aqueous PS-750-M catalyzed by Pd(0) 
nanoparticles. (C) Activity of nanoparticles for Suzuki-Miyaura 
couplings. (D) One-pot Suzuki-Miyaura couplings and carbonyl 
reduction catalyzed by Pd(0) nanoparticles in micellar medium. 
(Adapted with permission from JACS Au 1, (2021) 1506. Copyright 
{2022} American Chemical Society). 
 

These nanoparticles were tested for their catalytic activity for 
cross-couplings of water-sensitive acid chlorides. The 
sequential addition of catalyst, boronic acid, base, and acid 
chloride was critical. The reaction works well as long as acid 
chloride is added in the end to ensure that all the reaction 
components are compartmentalized before the acid chloride is 
available for the desired reaction. The micelle’s shielding effect 
plays a crucial role in preventing hydrolysis of acid chlorides 
under basic pH—neat water was detrimental. The substrate 
scope was explored on combinations of acid chlorides and aryl 
and (hetero)arylboronic acids. Representative examples are 
shown in Figure 4B (45-50). In these examples, a unique 
selectivity was observed, and no side-reaction was observed 
at the terminal olefin center (41, 42, 44). Both (hetero)aryl and 
alkyl acid chlorides displayed excellent reactivity. Notably, no 
byproduct from β-H elimination was observed in example 44. 
The fate of acid chloride was tested under reaction conditions 
using benzoyl chloride, indicating a half-life of 1 h, supporting 
that a boronic acid coupling partner is responsible for the 
enhanced stability of acid chloride under aqueous micellar 
environment. 

The catalytic activity of these nanoparticles was also tested on 
ligand-free Suzuki-Miyaura couplings (Figure 4C). As depicted 
in the representative examples, excellent functional group 
tolerance was observed. The nitrile (45), nitro (46), formyl (47), 
and ketone (48) amide (49) were well tolerated. The substrates 
susceptible to α-arylation (48) showed no byproduct formation. 
No undesired cross-coupling at the chloro center or 
dechlorination was observed when bromochloroarene was 
used as the coupling partner; only the desired product was 
obtained in excellent yield with the retention of chloro functional 
group (50). The application of this technology was also 
showcased on one-pot reaction, i.e., Suzuki coupling and 
hydrogenation of aldehyde (Figure 4D). In this transformation, 
coupling partners 51 and 52 cleanly afford cross-coupling 
products, which provides product 53 in 74% isolated yield upon 
hydrogenation. Notably, these NPs were non-recyclable. 
Hopefully, with a demonstration on a broader scope, this 
technology will sooner be implemented to one pot- Suzuki 
couplings and asymmetric hydrogenations.  
 
Conclusions and perspective. The discussion above shows 
that the micellar catalysis or chemistry in water has more to 
offer than the content presented in this article or documented 
in the literature. From our group’s contribution, our team has 
shown that the PS-750-M is an acceptable alternative to toxic 
dipolar-aprotic solvents and phosphine ligands for cross-
couplings of acid chlorides and traditional Suzuki-Miyaura 
couplings. More challenging reactions can be achieved either 
with the same amphiphile or may require fine-tuning of the 
structure of PS-750-M. In unpublished work, we have shown 
that micellar catalysis and photocatalysis can be combined for 
efficient, green, and sustainable ppm level Cu(I) catalysis. 
Another exciting feature of micellar catalysis is one-pot 
multistep reactions due to the ability of micelles to mimic a 
variety of solvents. However, the downside of this aqueous 
micellar technology includes requirement of EtOAc (an organic 
solvent) for product extraction and cleaning of water after 
usage. Notably, only a minimal amount of EtOAc is needed for 
the workup procedure. Likewise, the aqueous waste 
generation is significantly less, comparatively produced in 
traditional catalysis in organic solvents. Noteless, it’s still a 
waste generation, and we are aggressively working to address 
this issue. Our effort can be recognized by our report on 
completely organic solvents free amide couplings. Our 

A) 13C NMR study revealing metal–amphiphile interaction

B) Cross couplings of acid chlorides catalyzed by Pd(0) nanoparticles
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significant efforts are now devoted to water cleaning and 
further mitigate or eliminate usage of organic solvents in 
micellar technology. 
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